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INTRODUCTION

This document reports and summarizes all work that was
performed on NASA Contract NAS8-29077 entitled "Single Crys-
tals of Metal Solid Solutions."™ The objective of this program
was to study thé4growth of single crystals of relatively high
melting point metals such as silver, copper, gold, and their
alloys. The purpose was to develop background information nec-
essary to support a space flicht experiment and to generate
ground based data for comparison. The ground based data, when
compared to the data from space grown crystals, are intended to
.identify any effects which zero-gravity might have on the basic
process of single crystal growth of these metals.

The ultimate purposes of the complete investigation are to:
determine specific metals and alloys to be investigated; grow
single metal crystals in a terrestrial laboratory; determine
crystal characteristics, properties, and growth parameters
that will be effected by zero-gravity; evaluate terrestrially
grown crystals; grow single metal crystals in a space labora-
tory such as Skylab; evaluate the space grown crystals; compare
for zero-gravity effects on crystal characteristics, properties,
and parameters; and make a recommendation as to production of
these crystals as a routine space manufacturing process.

This particular program encompasséd an analytical study of
the growth parameters and requirements, and the possible effects

of zero-gravity on the growth of the metal single crystals.



Singie crystals of pure and doped silver, and 50% (at.) gold-
copper alloy were grown by the Bridgman-Stockbarger technique.
These crystals were evaluated for defects in the single crys-
tal, material pafameters, and crystal growth parameters. A
characterization plan for the evaluation of crystals grown in
space was written and an ampoule for growing single crystals

in space was designed.



REQUIREMENTS FOR CRYSTAL GROWTH IN SPACE OF RELATIVELY HIGH
MELTING METALS

Single crystals of metals that are grown in space have at
least one growth parameter that is different from earth grown crys-
tals. This parameter is zero-gravity which has a wide range of
effeéts on the crystal growth and the resulting crystal. There
are a number of evaluations that must be made in order to deter-
mine these effects. These evaluations are required in order to
obtain usable information to manufacture routinely single metal
crystals in space.

The experimental requirements for growing single crystals
of relatively high melting point metals in space can be divided
into three main categories. These are: the determination of
properties, parameters, and other facts about space grown crys-
tals; the comparison of data from earth grown crystals; and the
specifications and design of a space manufacturing facility. Each
of these are discussed in the following paragraphs.

The category which needs to be investigated first is that
of the crystal properties. All of the crystai properties must
bé measured for both qualitativé and quantitative variances, then
a comparison of these properties must be made between terrestrial
grown crystals and the space grown crystals. During the comparisons
an analysis should be made to determine if there are any crystal
-prpperties that are improved by space growth. If there is at least
one property that is improved or new in the space grown crystal,kit
will become advantageous to manufacture such crystals in space.

Some of the crystal properties are a function of the growth parameters



and must be determined for growing single crystal metals in
space. The initial values and limits will be the parameters as
determined by earth based experiments and then modified to meet
any requirements not anticipated. All of the final growth para-
meters in space must be compared to those parameters from the
earth based experiments. These comparisons will give relative
design information for a space manufacturing facility. Again if
there is one parameter that varies widely from the earth based
experiments, then a great advantage may exist in the space
growth.

A scientific experimental study should be made to determine
the exact zero gravity effects on the growth in space of metal crys-
tals. All of the scientific facts, properties, imperfections,
characterizations, and parameters of the experiment and crystals
should be determined so that a comparison can be made between
earth grown crystals and space grown crystals. Theﬁg scientific
studies should be extensive and exact. All facets should be
studied in detail so that the subtle differences can be deter-
mined.

From all the above information a facility can be designed
to accomplish space manufacturing of single metal crystals. This
manufacturing facility should incorporate all of the earth based
equipment with modifications for growing crystals in space. These
modificationﬁ should be directed by the growth parameters and space
laboratory limitations. From such a manufacturing facility, crystals
may be routinely manufactured in space which can be accomplished only
if the crystal. properties and the growth parameters are known precise-

ly.. Other effects which have been studied on previous flights such
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as gas bubbles, settling, and surface tension, will try to be supress-
ed or eliminated by experimental design. Thus only the zero gravity
effects on crystal growth is utilized.

Space grown crystals may have more uniform properties because
of the lack of thérmal convection currents. Two such properties
might be a more uniform dopant distriﬁution and a more uniform
stoichiometry in alloys. This would imply that more of the crystal
would be usable because of the less variance along its length. Less
variance could also result in unusual or even unknown properties such
as electrical, I. R. etc., this is a function of the crystal lattice
both microscopically and macroscopically. An example of this is the

use of silicon and germanium after the purity had been increased.




CRYSTAL GROWTH METHOD

There are a number of methods which can be utilized to grow
single metal crystals. A few of these methods are: Bridgeman-
Stockbarger, Czochralski, zone leveling and vapor phase. Grow-
ing single crystals in zero-gravity precludes the use of some of
these methods such as: Czochralski, zone leveling, any method that
requires an open volume above the melt. Since metal single crystals
are grown easily by the Bridgeman-Stockbarger method and a sealed
capsule can be used in space, this is the method which will be used
in this investigation. The Bridgemann-Stockbarger method directional-
ly solidifies the melt by moving the crucible through the furnace from
a hot zone to a cool zone. Usually this is done by lowering the
crucible in the furnace which solidifies the crystal from the bottom
up.

Historically, the method of freezing the melt from the bottom
of the crucible has been used for many years by a few researchers,.
Previous to this the melt was frozen from the top as in normal cool-
ing of an open melt. Bridgemann developed a crucible with a conical
bottom, so that the melt would solidify first at the point. This
method tended to produce a single crystal. Stockbarger modified
this techniqué by making the cone much deeper and narrower, which
starts the crystal growth in a narrow path that blocks some crystal
growth orientations. In this way only a small number of seed
crystals~are formed. As the solidification proceeds, a faster
growing seed usually dominates and a single crystal is produced.

This method has been modified even further by forming a constriction



in the bottom of the crucible. Thus, in the modified Bridgemann-
Stockbarger method there is a seeding chamber at the bottom of

the crucible and directly above this is a constriction. This neck
allows only one small seed crystal to propagate into the bottom

of the main crucible.

In order to cause a melt to solidify from the bottom of the
crucible and continue smoothly to the top, the crucible must be
cooled from the bottom. This can be accomplished in one of two
ways. The crucible may be passed bottom side first through the
furnace into a cooler region. Alternatively, the source of heat
may be moved from bottom to top of the crucible. Either of these
two means results in the melt freezing from the bottom of the
crucible.

With either method of solidification the heat source or
furﬁaces must have a temperature gradient. Ideally, this gradient
is rather sharp, but not infinitely so. The two temperatures ranges
on each side of the gradient must span the melting point of the mate-
rial. Thus the hot zone is above the melting point and the cool zone
is below the melting point, preferably with a centimeter or less
between the zones. In order to achieve this gradient, a baffle is
usually used between the two zones. A drawing of a typical Bridge-

mann-Stockbarger furnace is attached to this report.




CRYSTAL GROWTH PARAMETERS

In growing a single crystal of silver or gold-copper alloy
there are a number of parameters that must be controlled. The
parameters are discussed in the following paragraphs. Before
these parameters are delineated it should be noted that there is
a restriction on the crystal material; the Bridgemann-Stockbarger
method can only be used for materials that shrink upon freezing.
Both silver and gold-copper alloy meet this requirement.

The single crystal growth parameters may be separated into
categories, those concerning the furnace and those dealing with
the material. These will be treated separately.

The furnace parameters are zone temperature, temperature
gradient, hold time at melt temperature, pull rate, cooling
rate and furnace cut-off temperature. The hotter zone is main-
tained at a temperature 10 - 80°C above the melting point of the
material. If the silver or copper-gold alloy melt is too hot, it
supercools as solidification takes place, causing a polycrystalline
ingot. The cooler zone is maintained at a temperature 50 - 80°C
below the melting point of the material.

The optimum temperature gradient, as well as all other para-
meters is evaluated by experimental trial and error. A typical
value is 30‘- 300°C/cm. The temperature gradient and the pull rate
are very closely allied. For a gradual gradient a faster pull
can be used, and with a steep gradient a slower pull must be used.

The pull rate must be such as to cause solidification of the melt



while in the temperature gradient. Ideally, a planar solid-liquid
interface is maintained. A typical pull rate is 1 - 10 cm/hour.

The material must be held at the melt temperature for a length
of time to insure.against cool or hot spots in the melt. Hot spots
tend to supercool and cause the ingot to be polycrystalline. If the
melt is at too high a temperature it tends to supercool‘upon crystal
growth. With the melt lower than the freezing point solidification
occurs through out the melt rather than at the seeding point. This
polycrystalline solidification can be triggered by vibration or con-
vection current. Thus the hold time is rather critical so that the
melt is the correct temperature.and has no hot spots. A typ;cal
hold time for the melt is 30 - 60 minutes.

The cooling rate of the lower zone is usually selected so that
the crystal is not thermally shocked. This rate normally depends
on the thermal insulation of the furnace and the effective insulation
properties of the crucible ahd holder. Thus the cooling rate must be
determined experimentally for each furnace-crucible-material system.
The cooling rate may be such that the furnace can be turned off in-
stead of cooled at a (50 - 100°C/hr.) programmed rate; in other cir-
cumstances, however, such as solid-solid phase transitions, the cool-
ing rate is very important. In such cases as the solid-solid phase
transition in the alloy 50% (at) gold-copper, the cooling rate must
be determined by experiﬁent.

The material parameters are melting temperature, preferred

crystal orientation for growth, occurrence of solid-solid phase



transitions, heat of fusion, tendency to supercooling, sensitivity
to vibration during crystal growth, and the distribution coefficient
of the dopant or impurity.

The melt temperature and solid-solid phase transitions have
been. mentioned in fhe discussion of furnace parameters. Usually
a crystal will have a preferred axis for crystal growth purposes,
since the atomic and electronic configuration of a certain crystal
face may be more conducive to crystal growth. This preferred axis
or face will grow at a more rapid velocity than other faces or axes.
In the modified Bridgemann-Stockbarger method the crystal orientation
surviving the crucible constriction has a high probability of being
in the preferred direction.

The rate at which the heat of fusion can be removed from
the solid-liquid interface determines the rate of growth of a crys-
tal. This is one reason why the rate of pull must be determined
experimentally, since an a priori assessment of the contribution
of this effect to the pull rate for various materials would be diffi-
fult, at best.

Silver and copper-gold alloy have a tendency to supercool if
the temperature of the melt is considerably higher than the melt-
ing point at the time of crystal growth. This supercooling is
a property of a number of metals and must be considered when melt-
ing the material. This tendency is avoided by keeping the hotter
zone close to the melting point of the material and allowing the

melt to stabilize at the desired temperature.
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As the impurity or doping level in silver increases, it is
usually harder to grow a single crystal. This is generally caused
by the collection of impurities at dislocation faces. Thus, if
an impurity is present that is deposited at the freezing interface,
it will disrupt the normal silver crystal growth and possibly cause
the ingot to be polycrystalline. Slower crystal pulling and vibra-
tion free growths may help alleviate this problem. Vibration can
cause variations in the crystal such as striation and inhomogeneity
because of the atomic kinetics at the freezing interface. The vibra-
tion pressure patterns may be radial, or longitudinal which will pro-
duce the same type of patterﬁ in the crystal imperfection. The ex-
perimental apparatus for growing single crystals should be as vibra-

tion free as possible.
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TYPICAL EQUIPMENT AND PARAMETERS FOR CRYSTAL GROWTH

In order to grow single crystals of pure silver, doped sil-
ver, or gold-copper alloy a specific set of equipment is needed.
This equipment is described in general and is presented here only
as being typical...The "Multipurpose Electric Furnace System for
Space Experiments", proposed for Skylab can be used with a few
modifications.

The typical design of the furnace is a resistance type,
having two zones with the hotter zone at 1000°C maximum. The two
zones should have 60 -~ 160°C temperature difference with a tem-
perature gradient of 30 - 300°C/cm between the zones. It should
have an inside diametef of 4 to 6 ¢cm and a length of at least
25 cm. The inside diameter of the baffle should be approximately
2.5 cm. The ampoule is constructed of graphite sealed in quartz
under a vacuum. The maximum diameter of the quartz envelope for
the ampoule should be such that approximately 1 mm clearance on the
radius exists at the baffle. The length of the graphite ampoule is
8 cm and the length of the quartz envelope just large enough to
enclose the graphite and seal.

A smooth operating pull mechanism to pull the ampoule through
the furnace, should have a velocity range of 1 to 10 cm/hr. and
must be vibrationless. The pull rod must have an attachment for
the bottom of the ampoule. A temperature programmed controller
must be used to lower the furnace temperature at a steady rate

or to hold the temperature at a desired temperature. The increase
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or decrease in temperature must be made at a steady rate and
have a range capability of 20 - 2000°C/hr. This range is need-
ed first for increasing the temperature at a rate of 1000 - 2000°C/
hr. and a second decrease of temperature for annealing of a rate
of 20 - 300°C/hr.
The equipment for analysis of the resulting single crystals is

briefly noted in the section that relates parameters to materials.
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CRYSTAL GROWTH IN ZERO-GRAVITY

The effects of a zero gravity environment upon silver, or
copper-gold single crystal growth and crystal imperfection are
discussed in the following paragraphs. A few comments are made
about the general.éffects that are caused directly by the lack
of gravity. Thesé direct effects which are changes in the crystal
growth parameters cause secondary effects in crystal perfection.

In a zero~gravity environment there is, of course, no relative
mass acceleration. Density variations in a liquid that give rise to
convection currents in a gravitational field have no such effect in
the absence of gravity. Convection plays an important role in the
production of some of the effects observed in the liquid-solid tran-
sition, particularly iﬁ the controlled solidification used in crys-
tal growth, so one might expect some differences between crystals
grown in a gravitational field and similar crystals grown in the
absence of gravity.

A solid usually has a composition different from that of a
liquid with which it is in equilibrium, except in the cases of pure
materials such as pure silver and solutions exhibiting congruent melt-
ing such as 50% (at) Au-Cu. Progressive solidification of a liquid
solution, then, usually produces a solid of non-uniform composition,
i.e., when solidification is complete, the distribution of a solute
in the solid is different from that in the initial liquid, even
though the total amount of solute is unchanged. Thus, the effective

and equilibrium distribution coefficients are useful in discussing
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solidification. The extent to which the component rejected from

the solid is mixed with the main body of liquid determines the

relation of the effecfive distribution coefficient to the equili-
brium distribution coefficient. This mixing is done by two mechanisms,
diffusion of the rejected component into the liquid and the stirring
effect of convection currents. In terrestrial grown crystals both

of these processes contribute to mixing in the liquid. In a zero-
gravity environment, however, diffusion alone would occur.

Theoretically the two cases of mixing by diffusion alone and
complete mixing by convection, lead to different predicted values
of the effective distribution coefficient. When mixing of the re-
jected component with the liquid occurs solely by diffusion from
a slowly moving planar interface, the value of the effective dis-
tribution coefficient is one in the steady state, i.e., the solid
formed by a freezing liquid has the same composition as the liquid.
Transient effects, caused only by diffusion in a zero-gravity pro-
cess would produce segregation of impurities and non-uniform con-
centrations only near the ends of an ingot.

The above discussion applies primarily to alloys such as Cu-Au
and to soluble impurities such as dopants in silver. Mixtures in which
componeht shows limited solubility in either or both phases of a solid-
liquid system tend to segregate in the terrestrial environment, with
the denser components settling to the bottom of the liquid. In the

absence of gravity even mixtures of immiscible components would not
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segregate in the liquid phase. Thus macroscopically homogeneous
composites and even alloys solidified from homogeneous atomic
dispersions of immiscible liquid metals could be prepared in the
zero-gravity environment.

The absence of convection currents in a liquid would tend to
favor a more stable liquid-solid interface for crystal growth experi-
ments of either silver or copper-gold alloy. If, as is commonly
supposed, an unstable interface favors striations and lack of per-
fection in crystals, crystal growth in zero-gravity should lead to
more perfect crystals than those commonly prepared.

Solidification of alloys that exhibit a eutectic point in
their phase diagrams often leads to a lamellar structure. This be-
havior is a result of properties of the alloy system rather than the
particular conditions of solidification. A likely effect of zero-
gravity solidification of such alloys is a more perfect lamellar
structure rather than a non-lamellar structure. Similarly, if con-
stitutional supercooling is responsiblebfor striations in a crystal,
growth in the absence of gravity would not be expected to yield an
unstriated crystal. Supercooling of the melt is expected to become
more prevalent for a zero-gravity environment.

One obvious disadvantage to crystal growth in zero-gravity
arises from the fact that, in the absence of gravity, containerless
ligquids become spherical in geometry. Even a contained freely float-
ing liquid would coﬁtact the crucible wall intermittently, making con-

trolled seeding difficult. A proper container should remedy this
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problem. In addition, it would be advantageous if a smooth,
vibration-free space laboratory could be achieved. In a
vibration~-free crucible, the atomic kinetics at the freezing
interface are not fluctuating which would yield a more perfect
crystal. Vibration in the equipment tends to make crystal im-~
perfections, but in the case of a supercooled melt it élso

raises the solidification temperature.
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SELECTION OF MATERIALS FOR INVESTIGATION

The materials of silver, germanium, and copper-gold alloy
were selected for investigation of zero-gravity effects on single
crystal growth of relatively high melting metals. This selection
was made after a féview of all metals and metal alloys that have
a mel£ing point between 900°C and 1100°C. A compilation of these
metals and alloys has been given previously which gave the alloy,
percentage of range for the constituents, and range of the melting
curve for the allox range. A number of candidate alloys were ex-
amined and the selection was narrowed to three: Au-Cu, Ag-Au, and
Ag-Cu. These three were candidates because of the wider range of
constituents. Comparing the phase diagrams for these alloys the
Au-Cu has the advantage of a wider constituent range than the other
two. It has the advantage of the existence of CuAu and Cu3Au com-—
pounds and the other two do not have existent metal compounds. Each
of Au-Cu and Ag-Cu have a point of the melting curve where the solidus
and the liguidus lines meet. The advantage of growing a single crystal
at this point allows an equilibrium state of equal alloy constituency
in the melt and the freezing interface. Thus, no zoning of either con-
stituent and a more uniform stoichiometry. The Au-Cu alloy at a com-
position of 50% (atomic) is the alloy compound of AuCu and it occurs
at the stoichiometry where Fhe solidus and liquidus lines meet. The
.AuCu compound alloy is an order-disorder alloy due to a lower tempera-
ture solid-solid phase transition. This solid-solid phase transition

may be affected by a zero-gravity environment during single crystal

growth.
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With all of the advantages that the Au-Cu alloy has, it was
selectea to be the candidate alloy for investigation into the effects
of zero-gravity crystal growth in space. The AuCu metal compound
was further specified in order to gain all advantages possible from
the alloy.

The selection of the elemental metals was greatly simplified
since there are only three possible candidate metals: silver, ger-
manium, and praseodyium, see previous paper. There has been more in-
vestigation into the properties of single crystal germanium than
the other two, so that far more data and growth parameters are
known to a better degree of accuracy. These studies have included
single crystal imperfections and defects which were related to
impurities and growth parameters. The properties of silver are
very well known, but those of single crystal silver have not been
investigated as thoroughly as germanium. Silver can be easily grown
into single crystals for investigation. Silver crystals differ from
germanium in that they are soft, whereas germanium is hard, which
makes the silver more difficult to cut and polish for an imperfection
study. Germanium is a border line metal and is considered a semi-
conductor.

For the aforementioned reasons both silver and germanium are
selected for investigation of zero-gravity effects on metal crys-

tal growth. Silver is suggested for this initial investigation

since it is a metal by all definitions.
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CRYSTAL PARAMETER MEASUREMENTS AS RELATED TO MATERIALS

There are a number of crystal properties and crystal im-
perfections that need to be analyzed for the effects of zero
gravity. These properties are effective distribution coefficients,
impurity segregatién, alloy homogeneity, crystal perfection, and
the liquid-solid transition. The defects which need to be analy-
zed are striation, lineage, slippage, lamella, and inhomogeneity.
These properties of the crystal will be discussed in the following
paragraphs.

In the following discussion there are suggested specific mate-
rials for investigation of alloys, pure metals, and doped metals.
The specific metals and alloys were selected from the compilation
in the previous report because of their characteristics and properties.
These materials are to be used for the determination of crystal
properties and imperfections which may be affected by crystal growth
in zero gravity. These materials were selected from the list given
in Appendix A because of a number of reasons which were stated in
the previous section.

1 cm) solute

Alloy inhomogeneity can be macroscopic (about 10~
or solvent distributions which are produced in the crystal by various
material and growth parameters. On a smaller scale (about lO_2 cm)
inhomogeneities are produced by fluctuating growth conditions. This
causes fluctuating solute concentrations in the crystal which are

parallel to the freezing interface. If the freezing solid is super-

saturated with one of the alloying elements, the concentration of that
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element in the crystal fluctuates with the fluctuating growth
parameters. Thus, the inhomogeneities are usually longitudinal
with isoconcentrations parallél to the freezing interface but can
be random or change radially. To evaluate the homogeneity of a
crystal, it must be sectioned vertically, polished, etched and
examined visually with a microscope. The material that may be

used to measure this property of homogeneity is the (50% at.) gold-
copper alloy.

The effective distribution coefficient is a quantitative
measure of the ratio of dopant left in the melt to the dopant
that is deposited on the freezing interface. This effect is
caused by the dopant lowering or raising the melting point of
the material. The parameter,used to measure this,is the con-
centration of dopant along the freezing axis. }he concentra-
tion distribution can be measured spectrographically and the
coefficient calculated. Different spectrographs must be used
for different impurity elements and different concentrations.
AThe method téfbe used would be determined in each individual
case. Thg materials which would yield the greatest amount of
information are doped silver or doped germanium.

The impurity segregation in a crystal may be due to either
the zoning effect or to convection currents and/or nonuniform
thermal parameters. The effect of this leaves the crystal with

a distribution of impurities that is nonuniform. This can be
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measured in the same manner as the effective distribtion coeffi-
cient with a mass, emission, or absorption spectrometer. The mate-~
rials which are recommended to be used to determine impurity segre-
gation are doped silver or doped .germanium.

Crystal perfection is a function of all of the growth para-
meters and material properties. As the microscopic imperfections
build up there are macroscopic imperfections that are produced.

The macroscopic properties can be observed by linéage, slippage,
lamella, and striations. The microscopic perfection of the crystal
can be determined by x-ray backscattering patterns. The materials
that can be used for this determination are pure silver, pure ger-
manium, or either doped, or the copper-gold alloy.

The liquid-solid transition is observed by effects on the
freezing interface. The morphology of the interface usually depends
on: the free energy of the phases; mechanical equilibrium and density
gradient of the surface; and the nucleation process of the new surface.
The fastest growing crystal axis will dominate the freezing interface.
All of the aforementioned points determine the shape of the freezing
interface, however none of these can be determined from the inter-
face geometry. The only information that can be obtained from the
interface geometry is by comparison with other crystals grown with
. different parameters. Thus, a comparison between terrestrial grown
crystals will-yield comparative information about the growth parameters.
In order to observe'the solid interface the crystal growth must be

stopped after the crystal has been partially grown. The only way
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that this may be accomplished, in this experiment, is to immediate-
cool down the furnacé so that the crystal becomes polycrystalline
above'the previously freezing interface. The crystal is sectioned
and polished longitudinally and then examined under a microscope for
comparison. The‘éffects of zero gravity on the liquid-solid tran-
sition may include slower crystal growth, supercooling, and other
effects. Materials which could be used for this study are silver,
germanium (either doped or undoped), and the copper.gold alloy.
Striations are macroscopic lines along which the composition
or the growth rate has a variation. Striations are caused by thermal
variances, fluctuations, mechanical variances, bands of impurities
that are parallel to the freezing interface, and change in internal
stress caused by two vying crystal orientations or compositions.
Striations can be evaluated by microscope and etchpit count and
geometry. The materials which would be used for striation determi-
nation are doped silver or doped germanium, or the copper-gold alloy.
Lineage and slippage are effects caused by internal stress which
is due to growth parameter problems. They may be caused by crystal
growth patterns (atomic kinetics), or thermal problems. Lineage
is caused by thermal fiuctuations that are radial across the freez-
ing interface or too fast a cooling rate of the solidified crystal.
Slippage is usually caused by vying crystal growth fronts that are
secondary to the dominate front, but due to growth conditions are
reinforced. Slippage may be caused by the geometry of the freezing
interface, fluctuating thermal parameters, or slightly supercooling

of the material before solidification. Each of these cause a plane
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of discontinuity in the crystal structure and along these lineage
or slippage lines, impurities tend to concentrate. Thus, the dis-
continuity is propogated as impurities add to the internal stress.
These lineage and.slippage defects can be evaluated by etch pit
arrangements. The crystal is cut perpendicular to the growth axis,
polished, etched, and examined with a microscope. Lineage is identi-
fied by a connected line of evenly distributed etch pits with the
same orientation. Lineaée lines are usually radial from the cen-
tral point of the crystal. Slippage lines are identified by a line
of randomly distributed etch pits that are randomly oriented. X-ray
analysis can be used to supplement the etch pit analysis. The mate-
rials that were selected to be used for the lineage and slippage
determinations are silver and germanium, either doped or undoped.
Lamella is the layering of the crystal along the direction
of the growth axis and can be caused by two phase alloys, thermal
convection currents or large slippage planes. With a two phase
alloy, one of the phases is continuous and the other has the form
of plates in parallel array, or rods in parallel array. These can
be caused by unsteady heat flow, freezing interface not flat enough,
and characteristic of the material. The effect of this imperfection
is a layering of the crystal usually perpendicular to the freezing
interface and a periodically variance of the crystal propefties. The
crystal properties are usually consistent within a layer and the crys-
tal usually has some of its impurities along the lamella surface.
The lamella can be determined and evaluated by etchpit analysis and
a microscope. The material to be used for the de£erminétion is doped

silver, or copper—gold'alloy.
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These are but a few of the crystal imperfections that may be
encountered in growing a single metal crystal in a zero gravity
environment. These previous paragraphs have tried to describe
each of the imperfections and how it is caused, and its effect.

A brief statement has been made on how to measure and determine

the imperfection, and a metal or alloy, was given as a first trial
material. This alloy or metal should be investigated experimentally
to determine if all of the above imperfections can be identified.
This analysis should be done experimentally to verify this paper

study.
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SINGLE CRYSTAL GROWTH OF SILVER AND GOLD-COPPER ALLOY

In order to check the results of the analytical study,
an experimental investigation was undertaken. Single crys-
tals of silver and gold-copper alloy were grown by the Bridgman-
Stockbarger tecﬁﬁique and the crystal growth parameters measured.
These parameters and requirements were corrected and improved as
necessary to fit the particular materials, ampoule, and furnace
design used. This part of the study confirmed tbat single crys-
tals of silver and gold-copper alloy can be groWh‘Ey this method.

Design, Construction, and Testing of Equipment

In order to grow these single crystals a furnace is needed
which would approximate the design of the "Multi-Purpose Electric
Furnace System for Space Experiments." However, the detailed in-
formation on that furnace was not available so that furnaces were
evaluated for this specific experiment. Three differeﬁt furnaces
in which to grow the single crystals were tested considering the
space experiment. The first two were constructed without baffles
and the third with a center baffle. If a furnace could be used
without a baffle then the multipurpose electric furnace for Skylab
would be usable without modification.

The first design that was tried had two IR windows of sput-
tered gold on quartz, through which photographs could be taken
of the ampoule and melt as the crystal grew. The furnace had
three zones with the windows between the zones. A temperature
profile was run and a temperature gradient of 16°C/cm was obtain-

ed which was not sharp enough. Figure 1 shows this furnace with
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its temperature profile superimposed on the drawing. Tables
1 and 2 show the data taken from one of the runs to determine
the temperature profile apd other furnace parameters.

The second design was also a three zone furnaée except
the IR windows Qére not included. The furnace was connected
so that the upper two zones were operating at approximately
the same temperature, and the bottom zone adjusted to give a
good temperature gradient. Figure 2 illustrates the measured
temperature profile of the furnace, showing a temperature grad-
ient of 20°C/cm. This temperature gradient was better than that
of the first design, but it was considered to be borderline,
since previous analysis determined that 30°C/cm was the minimum.
Tables 3 and 4 present the data from a profile determination
run on this furnace.

After it was determined that a sufficient temperature
gradient was not going to be obtained without a baffle, a design
with a baffle was tried. This furnace has two zones that have
between them an inconel baffle which completely separates the
zones when the ampoule is present. Figure 3 shows a drawing of
this furnace and Figure 4 shows its temperature profile; A
temperature gradient of 75°C/cm was measured, which is within
the desired range. This furnace is capable of temperatures
over 1100°C and a tempeature difference between the two zones
of 200°C. The heating elements were Electro-Applications, Inc.

type X-16 and Y-16, which are semi-circular in shape.
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The heating element specifications are:
Type: X-16 . . . . . ... . . . 295 watts @ 1000°C

355 watts @ 1210°C

.

Type: Y-16 . . + ¢« ¢ ¢ « « .

Voltage rating . . . . . . . . 57.5 volts

Length . . . . . . . .+ ¢« « ¢« « 4.0 inches
Outer diameter . . . . . . . . 3.25 inches
Number of grooves . . . « « . . 12

The two X-16 elements were wired in serigs for the bottom -
zone and the two Y-16 elements were wired in series for the top
zone. The series connection allowed for operation with 115 volts
applied. These elements were wrapped with WRP high temperature
fibrous insulation felt, separated by the inconel baffle, and
then placed into a steel case. The top and bottom of the steel
case were closed with 0.5 inch transite.

The furnace was connected to a West Instrument Company model
SCR Powerunit, which supplied 220 volts. A transformer and variac

were used as shown in the following wiring block diagram.

SCR Powerunit Transformer
0 220 220 110 0
ST\ T
Variac
——— 00200220020 —— b 00000202000020-
Bottom Zone . Top Zone
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During the design checks of the furnace, an ampoule Qas
designed and tested. The silver and the gold-copper alloy
wet quartz, but did not wet or stick to graphite, so that
graphite was selected for the ampoule material. In order to
seal the ampoulé‘a quartz envelope was used. This seal envelope
was replaced later by a quartz tube with a vacuum pump attached.
‘This was done in order to save time and quartz when loading and
removing the crystal. The ampoule design is described in another
section of this report.

A pull mechanism was designed and constructed for lowering
the ampoule in the furnace. The mechanism has to be as vibration
free as possible in order not to disturb the cryséal growth. The
drive for the pull mechanism is a B & B Control 1/20 h.p. D. C.
motor with a continuous speed range from stall to 173 rpm. It
has a drive reductian of 10:1 and operates through an o0il filled
25:1 gear reduction box. The 1lift mechanism is a 3/8 inch screw
rod that is rotated by a belt to the gear reduction box.

After the design and construction of the furnace, it was
tested in general as described previously. With the baffled fur-
nace the specific characteristics were determined. The capabili-
ties of the furnace and associated equipment, with a loaded ampoule,
are:

. Usable temperature range 100°C - 1200°C
. Zone temperature difference 0°C - 200°C
. Temperature gradient at baffle 0°C/cm - 300°C/cm

. Pull mechanism - continuously variable from 0.7 cm/hr
to 55 cm/hr
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Cooling rate ~ manually controlled
Baffle hole diameter 2.54 cm (1 inch)
Furnace length 25.4 cm (10 inches)
Power control - Gulton ~ West. Model

PSCR - 15 - 240 with AA 0344 current
limiter
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GROWTH OF SINGLE CRYSTALS

Trial runs were made on scrap silver while determining the
characteristics of the furnace system and the Bridgman-Stockbarger
ampoule. These crystals were polycrystalline, prébably because of
impurities or ffém adjusting the different parameters and getting
all the"bugs" out of the system and procedure. After the furnace
system was debugged, six crystals were grown from scrap silver
and each of these polycrystaliine. Using pure silver, the growth
conditions were optimized and a number of single crystals were
produced. Three subsequent runs using these optimum parameters
and procedures with scrap silver always produced polycrystalline
ingots., This implies that the impurities in the scrap silver
inhibit single crystal formation.

In establishing growth parameters fourteen (14) crystals
of high purity (99.9995%) silver and twenty three (23) crystals
of high purity gold-copper alloy were produced. In these runs
12 silver single crystals and 10 gold-copper single crystal were
produced. The range of the growth parameters that were used to

grow single crystals of silver are:

. Upper zone temperature '975°C —- 1005°C

. Temperature difference of zones 52°C - 73°C

. Temperature gradient 81°C - 115°C/cm

. Hold time at melt temperature 1 hour

. Pull rate 2.3 cm/hr - 6.7 cm/hr
Pull length 8 cm
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. Cooling rate 432°C/hr - 515°C/hr
. Temperature at power cut-off 552°C - 606°C
. Vacuum in ampoule 0.03 Torr - 0.09 Torr

The range of the growth parameters that were used to grow

single crystal gold~-copper alloy are:

. Upper zone temperature 895°C - 915°C

. Temperature difference of zones 50°C - 78°C

. Temperature gradient 78°C/cm - 122°C/cm

. Hold time at melt temperatures 1 hour

. Pull rate 3.3 cm/hr - 11.7 cm/hr

. Pull length 8 cm

. Cooling rate — 160°C/hr - 310°C/hr
Temperature at power cut-off 295°C ~ 360°C

. Vacuum in ampoule 0.03 Torr - 0.09 Torr

These were established while checking and improving the growth
parameters as determined by the analytical study (Task I) of this
program.

The procedures for single crystal growth are the same for
both silver and gold-copper alloy:

. Evacuate the ampoule envelope and flush with
helium twice and then evacuate the ampoule
envelope for use

. Position ampoule in the upper half of the

furnace with the lowest part of the ampoule
immediately above the baffle
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. Place in manual control with equal power to
both zones and turn on the West Power unit
to approximately 5.4 amperes

. Approximately at 20°C above the melting
point set the West Power unit to automatic
control and decrease the power to the lower
zone to approximately 1.3 amperes

. Start melt time and adjust lower zone tempera-
ture to the desired level

. With the zones established and after an hour
has elasped, start the pull mechanism to lower
the ampoule at the preselected rate

. Turn off the pull mechanism after 8 centimeters
of travel

. Decrease the furnace temperature at the pre-
determined annealing rate

. Turn-off the electrical at the West Power unit
below the minimum anneal temperature

The laboratory notes and data from a typical single.crystal
growth are given in Table 5. These notes were taken from the
lab notebook after the procedure had been established but before
it became routine.

The possibility of single crystal growth of both pure silver
and the 50% (at.) gold-copper alloy was confirmed by the growth
of twelve single crystals of the former and ten single crystals

of the latter during this phase of the program.
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SINGLE CRYSTAL GROWTH OF DOPED SILVER

To gain information about crystal growth parameters,
single crystals of doped silver were grown and evaluated.

The purpose of this task was to determine the optimum dop-
ing level, i.e., the amount of dopant that yields information
about these parameters and also produces single crystals con-
sistently.

Two dopants were used in two different sets of growth trials.
Single crystals were grown from germanium doped silver and from
gallium doped silver. The dopant level was increased from one
crystal growth to the next 'so that a series of crystals were
grown, each of which could be evaluated and compared to the pre-
vious crystal.

Each of the single crystals (doped silver or gold-copper
alloy) was to have been evaluated to obtain the following pro-
perties:

. Effective distribution coefficient
. Impurity segregation

. Striations

. Lamella

. Alloy homogeneity

. Crystal perfection

These parameters were to have been identified by the

‘methods described in a previous section of this report.
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The method that would have been used to determine an
optimum doping level is an iterative proceés. The general
procedure which was established for this determination is
presented in outline form below:

. Weiéﬁ silver charge and dopant

. Place both in the crucible/ampoule

. Prepare ampoule for crystal growth

. Melt silver and dopant together and hold
for one hour (to allow for mixing) and
cool rapidly (repeat this step)

. Melt doped charge for single crystal growth

. Grow single crystal

Evaluate single crystal

(1) sample at 3 places (0.1, 0.5, 0.9 of the
length)

(ii) slice crystal horizontally and vertically
(iii) polish and etch slices

(iv) evaluate for crystal properties

If evaluation shows negative results, then add more
dopant and repeat process

Six mixes each of germanium and gallium doped silver were
prepared by melting together the metal and dopant, allowing time
for mixing and then éooling rapidly by withdrawing the melt from
the furnace. The weighed amounts of dopant added to these melts
were sufficient to produce average doping levels as shown in

Table 6.
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TABLE 6

AVERAGE DOPING LEVELS OF SILVER CHARGES

Ag & Ge Ppm Ge Ag & Ga Ppm Ga
Mix 1 755 Mix 1 3149
Mix 2 735 Mix 2 1032
Mix 3 376 Mix 3 1621
Mix 4 296 Mix 4 3430
Mix 5 895 ’ Mix 5 2433
Mix 6 277 Mix 6 2742

The concentration of germanium in six doped silver crystals
was measured by atomic absorption and the results are given in
the following table. The sampling was accomplished by cutting a

ring around the sample at three different locations.

TABLE 7

CONCENTRATION (PPM) OF GERMANIUM IN SILVER CRYSTALS

Crystal No. Top Center Bottom
1 823 677 524
2 727 658 713
3 | 492 522 403
4 \ 276 307 595
5 _ 584 610 872
6 . 584 463 691
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The dist;ibution coefficient K for the germanium dopant
in the silver was calculated from the equation.

c/Co = K (1-g) K71

Here K is the effective distribution coefficient, C the
point concentration, Co the average concentration, and g the
fraction of the length paralleling the axis of solidification.
The sampling at the bottom of the crystal is at g = 0.1, the
center at g = 0.5, and the top at g = 0.9.

The average effective distribution coefficient calculated
for the germanium doped silver crystal was K = 0.89.

The crystals were cut horizontally and vertically to expose
the growth patterns so that crystal imperfections such as stria-
tions, lamella, and homogeneity could be determined. It was at
this point that problems arose. The silver crystals, as well as
the gold-copper alloy crystals, are extremely soft, thus very
vulnerable to deep surface damage. After a crystal was cut and
polished an undamaged surface could not be exposed with a chemical
etchant. The remaining time was spent in trying to find a polish-
ing etch and an etch that would develop etch pits without extreme
surface damage. Conseguently the optimum doping level was not
found.

Before the data obtained can lead to a firm conclusion, this
phase needs further investigation, including a study of etching

and polishing both silver and the gold-copper alloy.
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SINGLE CRYSTAL DATA FOR COMPARISON TO SPACE-GROWN CRYSTALS

The objective of this task was to obtain ground based data
on the crystal parameters that are most likely to be affected .
by zero gravity. These parameters are the effective distribution
coefficient, impufity segregation, alloy homogeneity, ordering
of the alloys and crystal perfection. These data are needed
for comparison purposes to identify crystal growth differences
between space and terrestrially grown crystals. This task was
not accomplished due to the difficulties in producing an undamaged
surface and finding a suitable etchant, since the required informa-
tion was to have been obtained from _etch pit observation.

It is recommended that this task be accomplished after the
problems of etching and polishing are solved. Only at that time
can data be obtained that will produce good comparitive informa-
tion.

Photographs were taken of the complete crystals and some of
these are included on the next few pages. The scant information
gained for these photographs are noted next to each.

)

The crystal of gold-copper (Photographs 1 through 4) was etch-
ed by sputtering the surface off onto a target, which was tried as
a last possibility. Its surface is greatly damaged on a micro-
scopic scale. From the pictures parallel crystalline structure
can be seen on the bottom and extending up the sides. These are

twin lamellae which apparently extend the length of the crystal

and show on part of the surface.



Photograph 1. Bottom of Gold-Copper Crystal showing
the twin lamellae

Photograph 2. Same crystal as #l1 above, but with different
lighting to contrast crystal orientation
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Photograph 3. Twin lamellae shown extending up the
sides of the gold-copper crystal

Photograph 4. Same crystal as #3, but with different
lighting to contrast crystal orientation
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Photograph 5. Gold-copper single crystal with tape
to indicate its orientation as determined by x-ray

Photograph 6. Gold-copper single crystal with tape
to indicate its orientation as determined by x-ray
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Photograph 7. Polycrystalline Gold-Copper

Photograph 8. X-ray pattern ot a polycrystalline
gold-copper ingot which is not the one above

56



Photograph 9. X-ray Laue' pattern of the
100 directions on a single crystal of gold-
copper
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Photograph 10. Silver crystal cut to expose the 111
surfaces

Photograph 11. Slice from the above crystal polished
and etched. The surface damage was too much to obtain
any useable information from a Laue' x-ray pattern nor
from visible microscope viewing
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Photograph 12. X-ray Laue' pattern showing the 111
direction of the previous silver single crystal
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Photograph 13. X-ray Laue' of slice showing the
surface is so damaged that the Laue' pattern is
ruined
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Photograph 14. Polycrystalline silver ingot

Photograph 15. Single crystal silver that was grown
too fast
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Photograph 16. Top of two silver crystals. The one
with the smooth surface was grown with the correct
parameters. The crystal with the patterned surface

was probably annealed too long at too high a temperature

Photograph 17. Polycrystalline doped silver ingot
showing the method of sampling for impurity con-
centration level
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AMPOULE DESIGN

An ampoule was aesigned for crystal growth in space so
that it would fit into a spacecraft experimental facility
such as the "Multipurpose Electric Furnace System for Space
Experiments" for Skylab. A Bridgman-Stockbarger type of
seeding arrangement was used in the design of the crucible.

Two slightly different seed chambers are shown in Figure 5,
first,to grow silver single crystals,a neck is used at the
upper end of the seed chamber. The second design is a coni-
cal shape, in which the gold—égﬁper crystal is seeded. These
two designs were required since the gold-copper crystal was
difficult to remove from the crucible when using a seed chamber
with a neck.

Graphite was used as the crucible material which was select-
ed because the silver and gold-copper melts did not wet its sur-
face. The crucible was machined from ECV grade graphite from
Union Carbide. An evacuated quartz envelope was used to seal
the crucible for use in space and to prevent contamination while
growing the crystal. The quartz envelope was designed with features
for pulling the ampoule through the furnace.

This combination of graphite crucible and quartz envelope
has a usable maximum temperature (1300°C) far above that which

will be used in this experiment. The ampoule can be exposed

to almost any usable temperature gradient (2000°C/cm or greater)
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without failure due to thermal shock, but it is limited in
mechanical strength and mechanical shock which will break if
hit sharply with a hard object. For small charges the melt
sometimes does not flow into the seeding chamber, therefore,
a larger seeding neck must be used. If the charge is fifty
(50 grams) or less the diameter of the neck should be 1.59 mm
(1/16") and a diameter of 1.19 mm (3/64") for larger charges.
These measurements allowed full seeding chambers and did not
inhibit the crystal growth process.

Figure 5 is a drawing of the ampoule showing the measure-

ments and other specifications. The graphite is machined from

rod stock and the quartz is welded from tubular stock of standard

size.

The ampoule was loaded and the gquartz sealed in according
to the following procedure.

. The charge was cleaned with the appropriate
etchant (HNO., for Ag and 10% KCN + 10% (NH )2
S$.0, for AuCu), washed with H2O’ isopropoi
alcohol, and HZO'

. Dry the charge in a low temperature oven with
a slight vacuum.

. Weigh the charge

. Place the charge in the graphite crucible and
place it inside the quartz envelope. (a quartz
rod is inserted through the evacuation tube to
aid in lowering the crucible into the envelope
slowly.)
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Weld on the bottom of the quartz envelope
using a dry ice wrap around the rest of

the envelope to prevent overheating of
the charge.

Pull a hard vacuum using a diffusion pump
and seal off the envelope as close as pos-
sible to the graphite crucible (placing a

shape in the seal for attaching a platinum
wire.)
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CHARACTERIZATION PLAN FOR SPACE GROWN CRYSTALS

This section is an evaluation plan for determining the
characteristics of the crystals grown in space and returned
to earth for analysis. This plan recommends the sequence and
' techniques by which the crystals can be characterized with the
maximum information yielded. The properties of the crystal
which are to be measured are: effective distribution coefficient,
impurity segregation, alloy homogeneity, ordering of the alloys,
and cryétal perfection. A short discussion of the cause of these
defects has been presented in a previous section. The techniques
for measuring these properties, and thereby characterizing the
crystal, are given in the following paragraph. The detailed pro-
cedures are not given in this paper which assumes they are stan-
dard and known.

Orientation of Crystals

Before any analyses are performed, the space grown crystal,
whether it is pure metal, doped, or alloy must be oriented (if poly-
crystalline the major crystals must be oriented.) The crystal is
prepared by cutting off the seed of the crystal and by cleaning the
exterior surface. The crystal is then mounted in a crystalographic
X-ray machine and oriented through the use of back scattering pat-

terns. The crystal is marked to indicate the crystal orientation.
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Analysis of Alloy Crystals

Alloy Homogeneity Determination:

The crystal is cut vertically, along the axis of growth
and then cut horizontally, so that crystal is exposed laterally
and lbngitudinally.. These surfaces are polished and etched by |
é polishing etch first and then etched to bring out the crystal
boundaries, orientation, and compositional differences. This may
be done on the quarters or thin slices of the surfaces. The sur-
faces are visually inspected for inhomogeneous areas at magni-
fications of 1X, 40X, and 100X using light and dark field viewing,
and polarizers for complete investigations. Photographs are taken
for a permanent record. X-ray topography should be used as a supple-
mental method and may be either the transmission Borrmann method or
a reflection technique such as the Berg-Barrett method or the Lang
method.

Alloy Ordering Determination:

With the crystal oriented and cut vertically and hori-
zontally, a cut is made perpendicular to a crystal axis, if the crys-
tal was determined to be single. This surface is polished, etched,
and visually inspected at 100X, and 200X for crazing with a good metalo-
graphic microscope. If the AuCu crystal has not been annealed slowly
through the solid-solid phase transition then it tends to change crystal
structure to the lower temperature phase. As it spontaneously orders
itself because of internal stress, the single crystallinity will be
destroyed even for large crystallites in a polycrystalline ingot. The
crazing, which may appear as a random etch pattern or a checked (tri-

angular) pattern, is an indication of the ordering. The x-ray
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backscattering patterns should also give an indication and x-ray
topography should be used as a supplemental method of determination.

Analysis of Doped Metal Crystals

Impurity Segregation Determination:

With the crystal oriented previously, the crystal
is cut vertically and horizontally, polished and the damaged sur-
face etched away. Two methods should be used to determine the im-
purity segregation, a qualitative method, and a gquantitative method.
The qualitative technique would be to make an autoradiograph which
can be accomplished after crystal preparation and if a dopant was
used that can be activated. Slices are taken from both of the longi-
tudinal and transverse surfaces. These slices are exposed to an
activation source such as a neutron beam. The photographs, obtained
by placing the slice on covered film, show where the impurity is con-
centrated and the relative amount. The qualitative measurement must
be accomplished after all other analyses have been made. The sec-
tions which were not exposed to the radioactivation environment are
to be sampled at a location near the seed, near the center, and near
the top of the crystal. TheseAsamples, preferably taken in a band
around the crystal, are suﬂjected to chemical analysis such as
atomic absorption, emission or mass spectroscopy.

Varying these quantitative measurements, an
effective distribution coefficient is calculated with the pro-

_per equation.
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Analysis of Crystals

All crystals have been oriented by x-ray methods, then
cut vertically and horizontally, polished and the damaged sur-
face etched away. The orientation in one or two of the quarters
"are checked by x;fay and these quarters cut perpendicular to a
selected crystal plane. This cut is polished and etched to ex-
pose the undamaged surface of the selected crystal plane.

Crystal Perfection Determination:

The surface perpendicular to the crystal plane is
examined by x-ray backscattering to determine if the crystalline
structure has imperfections. This surface should be subjected to
X~-ray topography, reflection techniques and on slices transmission
techniques. The surface is then etched to produce etch pits and a
visual inspection is made, at magnifications of 100X and 200X, of
the geometry of the etch pits. ‘Any change of etch pit geémetry
over the surface of the slice would denote a change of crystalline
structure. .

Crystal Imperfections:

Striations, lamella, lineage, anaislippage are the
crystal imperfections that are of primary interest. These use the
same method of determination and rely on different patterns and in-
dications for identification. The methods, listed in order of pre-
ference, that are used to determine thesé iﬁéerfections are: x-ray
topography, etch pit (100X and 200X) and autoradiography in the case

of doped crystals. An electron scanning microscope should also be
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used for an additional method. These techniques are used on
all of the prepared surfaces in order to gain as much informa-
tion as possible..

Sequence of Analyses

This section has been written in the preferred order of
analyses with the one exception, that being the quantitative
measurement of the impurity segregation. This sampling of the
crystal destroys part of the crystal and thus, it should be
left to the very last measurement. The neutron activation destroys
the crystal on a microscopic scale and should be considered as the
next to the last measurement. Therefore, all autoradiographic anal-
yses should be made at the same time, so that only one activation

would need be done.
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SUMMARY

The objective of this .program was to study the growth
of single crystals of relatively high melting point metals
such as silver, copper, gold, and their alloys. The purpose
was to develop background information necessary to support
a space flight experiment and to generate ground bésed data
for comparison. The ground based data, when compared to the
data from space grown crystals, are intended to identify any
effects which zero-gravity might have on the basic process
of single crystal growth of these metals.

The ultimate purposes of the complete investigation- -are to:
determine specific metals and alloys to be investigated; grow
single metal crystals in a terrestrial laboratory; determine
crystal characteristics, properties, and growth parameters
that will be effected by zero gfavity; evaluate terrestrially
grown crystals; grow single metal crystals in a space labora-
tory such as Skylab; evaluate the space grown crystals; compare
for zero-gravity effects on crystal characteristics, properties,
and parameters; and make a recommendation as to production of
these crystals as a routine space manufacturing process.

This particular program encompassed an analytical study of

the growth parameters and requirements, and the possible effects

of zero-gravity on the growth of the metal single crystals. Single

. crystals of pure and doped silver, and 50% (at.) gold-copper alloy

were gfown by the Bridgman-Stockbarger technique. These crystals

were evaluated for defects in the single crystal, material parameters,
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and cryétal growth parameters. A characterization plan for

the evaluation of crystals grown in space was written and an

ampoule for growing single crystals in space was designed.

The
crystals
below in

The

The

The

findings of this investigation of growing single
of reléfively high melting point metals are summarized
outline form.
experimental requirements are:
. Determination of crystal properties and parameters
. Comparison between space grown and earth grown crystals
Specifications of a space manufacturing facility
typical furnace requirements. are:
Resistance type 1000°C furnace

Two zones with baffle and 60 - 160°C temperature
difference

. Temperature gradient 30 - 300°C/cm between zones
Baffle hole diameter 2.5 cm

. Furnace length at least 25 cm

. Pull mechanism, 1 - 10 cm/hr vibration free

. Programmed temperature controller 20 - 2000°C/hr

Ampoule - graphite crucible sealed in quartz under
a vacuum - 2 cm x 8 - 10 cm

material parameters for silver, germanium, and copper-gold

alloy are:

Ge 'Ag CuAu
. Melting temperature °C 936 960 880
. Latent heat of fusion,
Kcal/mole 8.1 2.7 -
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Ge

. Preferred crystal
orientation 111

. Solid-solid phase
transition none

. Tendency to supercool

growth ves
. Dopant distribution

coefficient known
. Shrink upon freezing no

The zero-gravity effects on crystal property:

Primary effects

. No density separation in the melt

. No convection currents in the melt

. ‘Free floating melt

Secondary effects

Ag

none

yes

known "~

yes

are:

CuAu

410°cC

yes

N/A

yes

. Diffusion mixing of constituents and impurities
which causes the distribution coefficient to be one

.. Homogeneous crystal from immiscible components

. Fewer striations

. More perfect lamella structure

. More tendency to supercool

. Difficult seeding because of free floating melt

When a true yibrationless platform is achieved, it may help

produce a more perfect single crystal.
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From the'list of metals and alloys in last paper, silver, ger-
manium, and (50%at.) gold-copper alloy were selected to be studied.
These were selected by the following criteria:

Silver .

. The only metal by all definitions
Germanium

. Best known properties and imperfections
Gold-Copper

. Wider constituent range (70% at.)

Metal compounds exist
. Solidus and liguidus lines meet

. Order-disorder alloy due to solid-solid phase
transition

\

The materials used to measure each of the parameters are:
. Distributive coefficient - Ag or Ge (doped)
. Impurity segregation - Ag or Ge (doped)
Homogeneity - (50% at.) Au-Cu

. Crystal perfection - Ag or Ge (pure or doped),
or AuCu

. Liguid-solid transition - Ag or Ge (pure or
doped) , or AuCu

. Striations - Ag or Ge (doped), or AuCu

. Lineage and slippage - Ag or Ge (pure or doped),
or AuCu

. Lamella-AuCu
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- Three furnace designs were tested with one meeting the
requirements. The furnace that was used has the following
capabilities:

. Usable temperature range 100°C - 1200°C
. Zone temperature difference 0°C - 200°C
. Temperature gradient at baffle 0°C/cm - 300°C/cm

. Pull mechanism - continuously variable from 0.7 cm/hr
to 55 cm/hr

Cooling rate - manually controlled
. Baffle hole diameter 2.54 cm (1 inch)
Furnace length 25.4 cm (10 inches)
The following crystals were produced:
10 gold-copper (single crystals)
12 silver (single crystals)
2 silver (polycrystalline)
4 gold-copper (polycrystalline)

and numerous polycrystalline scrap silver

The range of the growth parameters that were used to grow

single crystals of silver are:

. Upper zone temperature 975°C - 1005°C

. Temperature difference of Zzones 52°C - 73°C

. Temperature gradient 81°C - 115°C/cm
. Hold time at melt temperature 1 hour
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. Pull rate 2.3 ecm/hr ~ 6.7 cm/hr
. Pull length 8 cm

. Cooling rate : 432°C/hr - 515°C/hr

. Temperature at power cut-off 552°C - 606°C

. Vacuum in ampoule 0.03 Torr - 0.09 Torr

The range of the growth parameters that were used to grow

single crystal gold-copper alloy are:

Upper zone temperature 895°C - 915°C
. Temperature difference of
zone 50°Cc - 78°C
. Temperature gradient 78°C/cm - 122°C/cm
. Hold time at melt tempera-
ture 1 hour
. Pull rate 3.3 em/hr - 11.7 cm/hr
. Pull length . 8 cm
. Cooling rate 160°C/hr - 310°C/hr
Temperature at power cut-
off 295°C - 360°C
. Vacuum in ampoule 0.03 Torr - 0.09 Torr

The procedures for single crystal growth of the silver and
gold-copper alloy were established. The data table from a silver
crystal growth is included.

Single crystals of silver doped with germanium were grown.

Silver ingots doped with gallium were to be grown into single
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crystal when the problem of polishing and etching stopped any
further progress. After a crystal was cut and polished,an un-
damaged surface could not be exposed with a chemical étchant.
The remaining experimental time was spent trying to find a
polishing etch and an etch that would develop pité without
extreme surface damage. Consequently the optimum doping
level was not found.

An ampoule design is presented with a procedure for filling
and sealing it.

A characterization plan and sequence for space grown crystals
evaluation is presented for:

Orientation of the crystal by x-ray backscattering

. Inhomogeneity determination by x-ray topography and
visual

~

. Determination of ordering by x-ray topography and
visual

. Impurity segregation by autoradiography and visual
(and effective distribution coefficient calculated)

. Crystal perfection by x-ray and etch pit patterns

. Crystal imperfections by x-ray topography, visual
autoradiography, and electron scanning microscope
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CONCLUSIONS AND RECOMMENDATIONS

From the analytical study and the experimental investigation,

a number of conclusions can be arawn. Their findings lead to con-
clusions, that in the case of the analytical study, are almost
probabilistic. Thé'conclusions are firm facts in the case of the
experimental investigation.

The advantages of growing single crystals of silver, germanium,
and gold-copper alloy in a space environment are no convection cur-
rents exists, and no separation and settling ou£ of immiscible mixture
of metal liquids. These will produce different effects in the space
grown crystal. The effective distribution coefficient would be approxi-
mately one, and inhomogeneity, lineage, slippage, and striation may be
eliminated or reduced greatly; unless the increase in supercooling
off-sets the advantages from not having convection currents. The
lamella produced by some alloys would tend to be more pronounced and
more perfect.

This analytical study of the parameters, requirements and zero-
gravity effects on single crystal growth of metals in space con-
cludes that there are definite advantages to space growth of metal
crystals. There will be many crystal characteristics that will be
changed for the better and the zero-gravity environment should enhance
crystal perfection.

In the experimental investigation the prdcedures, parameters,
and experimental limits were established. Single crystals of

gold-copper, silver, and doped silver were grown. It was determined
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that a doping level exists, past which a single crystal of
silver cannot be grown, but an optimum doping level was not
determined. Problems occurred when a good polishing and chemi-
cal etching metth‘was not found. A chemical polishing etchant
that would expose the undamaged surface would allow this project
to progress.

It is recommended that a method of polishing and etching the
silver and gold~copper surfaces be'established before trying to
obtain further data. -The preliminary data for comparison should
be taken after the polishing and etching procedures are almost
routine. It is further recommended that after this preliminary
comparison data are taken, that the comparison data be taken by
the methods that are recommended in .the Characterization Plan.

It is also recommended that crystals of these materials be grown
in various orientations with respect to the gravatational vector.
These crystals should be compared to the crystals grown vertically
in order that gravity dependent crystal growth characteristics

can be identified with more certainty. It is further recommended
that this experiment be performed in space because of the good

possibilities of a better single crystal.
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